We investigated the effects of prostaglandin (PG) E1 on the hypoxic injury of fetal rat hippocampal cells. Primary hippocampal cell cultures (embryonic day 18) were established and maintained. After 72 h in cul ture, PGE, was added to the serum-free medium at a final concentration of 10-5_10-9 M. Cultures were divided into two groups: The normoxia group was in culture for another 48 h, and the hypoxia group was exposed to 24 h of hypoxia followed by continuation of culture for an other 24 h. As a quantitative measure of cell death, lactate dehydrogenase (LDH) activity was estimated in the cul ture medium. The LDH activity, released by the hypoxic insult, was significantly smaller with PGE, treatment
at 10-6, 10-7, and 10-8 M (p < 0.01) and 10-9 M (p < 0.05) compared with the control. No differences in the LDH activities were observed in the normoxia group. Glial culture was not affected by the hypoxia. Western blot analysis showed an increased induction of 62-kDa c-Fos and 58, 60, and 66 kDa Myc proteins in rat hippo campal cells with 10-7 M PGE, treatment. We conclude that PGE, at concentrations of 10-6_10-9 M protects rat hippocampal neurons against hypoxic insult. Key Words: Hippocampal cell culture-Hypoxia-Immediate early genes-Lactate dehydrogenase activity-Prostaglandin E-Western blot. may contribute to protect neuronal cells against hypoxic stress.
Cerebral ischemia induces liberation of arachi donic acid from membrane phospholipids, leading to an arachidonic cascade and the production of a variety of eicosanoids such as PGE1 (Gaudet, 1980; Bhakoo et aI., 1984; Dorman, 1988) . These obser vations suggest that PGE1 may have physiological effects in the ischemic brain. However, the effects of PGE1 on the hypoxic il1iury of neuronal cells have not been fully studied. Therefore, we have investigated the effects of synthetic PGE1 on hyp oxic injury of fetal rat hippocampal cells in culture.
MATERIAL AND METHODS

Hippocampal cell culture
Embryos were obtained under ether anesthesia from Wistar rats on the 18th gestational day. The hippo�ampus was isolated, and placed in Eagle's Minimum Essential Medium (MEM) with pH modified to 6.0 for seeding, then treated with 0.25% trypsin (in Hanks' Balanced Salt So lution, pH 7.4) for 10 min at 37°C. Cells were rinsed twice by MEM supplemented with 10% fetal calf serum (FCS) and mechanically dispersed by five repeated triturations with a I-ml pipet. The cells were resuspended in MEM supplemented with 10% FCS and plated on polylysine coated, 24-well dishes at a final density of 2,500 cells/ mm 2 . Neurons were grown in a CO2 incubator at 37°C with 5% CO2 and 20% O2.
After a 24-h incubation, cells were rinsed and then cul tivated in serum-free, chemically defined Nl medium, i.e., Dulbecco's Modified Eagle Medium/Ham's Nutrient Mixture, supplemented with sodium bicarbonate (1.2 giL), insulin (5 mg/L) transferrin (100 mg/L), progester one (6.3 ILg/L) , sodium selenite (5.2 ILg/L) , kanamycin sulfate (100 mg/L), and Fungizone (0.25 mg/L). After 72 h in culture, PGE (supplied by Ono Pharmaceutical Co. Ltd., Osaka, Japan) was dissolved in and diluted with fresh N I medium at final concentrations of 10 -5, 10 -6, 10-7, 10-8, and 10-9 M, and the cultures were treated by replacing the old medium with an equal volume of PGE,-l containing ones. Control cell cultures received a fresh Nl medium without PGE,. Cultures were divided into two groups: The normoxia group was in culture for another 48 h (after 24 h in culture, the same amount of PGE, was added to the medium), and the hypoxia group was ex posed to 24 h of hypoxic stress, followed by the addition of PGE, in the same amount and continuation of culture for another 24 h in a CO2 incubator.
Hypoxic stress was exerted as described by Vibulsreth et al. (1987) . Briefly, multiwell dishes were placed into an air-tight chamber, and air in the chamber was reduced by aspiration. Then the chamber was filled with a gas mix ture of 95% N2 and 5% CO2, and dishes were kept for 24 h in the chamber.
Assessment of neuronal cell injury
At the end of the experiment, the culture medium was separated from the cells. As a quantitative measure of cell death, lactate dehydrogenase (LDH) activity released from damaged cells into the culture medium was esti mated in 0.5-ml aliquots of the culture medium (Koh and Choi, 1987) . The residual activity within the cells was also determined in suspensions of freeze-thawed cultures. The degree of cell injury was expressed as LDH activity in the medium as a percentage of total LDH activity (cells plus medium). The assay of LDH was performed according to a spectrophotometric method using the LDH Monotest (Boehringer Mannheim GmbH, Mannheim, Germany). In brief, the decrease of NADH (0.18 mmol/3 m!) absor bance was followed in a phosphate buffer (50 mM, pH 7.5) at 340 nm for 3 min in the presence of 0.6 mM pyru vate as substrate.
Hippocampal cell survival was also verified with the vital cell exclusion test (Mattson et al., 1988) . Bright -field examination was performed 5 min after addition of trypan blue (0.4%). Immunostaining with a 200-kDa neurofila ment antibody (Boehringer Mannheim GmbH) was used to assess the effects of PGE, against hypoxic injury to the neurites.
To estimate whether nonneuronal components of the culture release LDH into the medium, cortical primary cultures were obtained from in utero Wistar rats of ges tational day 18. These cultures were replated twice to minimize neural components. These nonneuronal cul tures were also used in the hypoxia experiment as de scribed for the hippocampal cell primary cultures. LDH activities were measured to assess the effects of hypoxia and PGE, administration.
Western blot hybridization
Hippocampal cell cultures were prepared as described above and grown in chemically defined Nl medium for 2 days. Cultures were then exposed to 10-7 and 10-5 M PGE, and incubated for another 3 h for c-Fos and 9 h for Myc protein analysis. Control culture received vehicle alone. A crude nuclear fraction of hippocampal cells was prepared using the low salt method (Evan and Hancock, 1985) . Cells were suspended in low salt lysis buffer and subsequently sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer at 107 cells/ 0.2 ml, and the mixture was passed through a syringe to reduce viscosity. The sample equivalent of 106 cells was subjected to electrophoresis on an SDS-8% polyacryl amide gel and transferred onto nitrocellulose (c-Fos pro tein) and poly-vinyliden-di-fluoride (Myc proteins) filters by electroblotting as described by Towbin et al. (1979) . Molecular weight markers for SDS-PAGE (BioRad Lab oratories, Richmond, CA, U.S.A.) were used to estimate molecular weights of the transferred proteins. The blots were probed with polyclonal rabbit anti-human c-Fos (Oncogene Science, Inc., Uniondale, NY, U.S.A.) and monoclonal mouse anti-Myc family (Cambridge Research Biochemicals, Inc., Wilmington, DE, U.S.A.) antibodies. Detection was performed using the ABC-AP immuno stain kit (Vector Laboratories, Inc., Burlingame, CA, U.S.A.).
Analysis
All data were evaluated across treatment groups using one-factor analysis of variance, followed by Fisher's pro tected least-squares difference test on a Macintosh Ci (Apple Computer Inc., Cupertino, CA, U.S.A.) computer using the Stat View II (Abacus Concepts Inc., Berkeley, CA, U.S.A.). Significance in all cases was assumed at p < 0.05.
RESULTS
Neuronal cell injury
Phase-contrast micrographs of cell cultures showed that cells were distributed in a nearly ho mogeneous fashion with few aggregates, and the neurite outgrowth was observed equally well in PGE\-treated ( Fig. lA) and control cells. The 24-h hypoxic stress was confirmed by measuring the fi nal medium oxygen levels; values of 20.2 ± 1.3 mm Hg (n = 4) were obtained, as we have reported previously (Kinoshita et aI., 1989) . Exposure of cul tures to hypoxia resulted in swollen cell bodies and accumulation of cell debris: PGE\ treatment did not affect the morphological changes induced by hyp oxia (Fig. lB) . Immunostaining with a 200-kD. a neu rofilament antibody showed similar cell damage in both PGE\-treated and untreated cultures exposed to hypoxia. However, cell viability as assessed by trypan blue exclusion demonstrated a protective ef fect of PGE\ against hypoxia.
LDH activities in the medium and cells of the normoxic cultures were not changed by different concentrations of PGE1 ( Fig. 2A) . Under hypoxic conditions, considerably more LDH was released from damaged cells into the culture medium in un treated compared with PGE1-treated cultures (Fig.  2B ). LDH release was � 1.6-fold greater in un treated than PGE)-treated cultures [10-6,10-7, and 10-8 M (p < 0.01) and 10-9 M (p < 0.05)].
Replated cortical cell cultures, which stain posi tively with rabbit anti-glial fibrillary acidic protein, formed a confluent mat of phase-dark polygonal cells and were consistent with astrocytes. The re plated cells did not show morphological changes af ter hypoxia, nor did they-show changes in fractional LDH release into the culture medium following hypoxia (Fig. 3) . PGE) additions to the media had no effect on LDH release under either normoxic or hypoxic conditions. 
Induction of c-Fos and Myc proteins
Western blot analysis showed a major component of 62-kDa c-Fos protein in rat hippocampal cells, and the level of c-Fos protein synthesis increased by 3 h of 10-7 M PGE) treatment (Fig. 4A) . A sim ilar change was observed in Myc proteins as judged by Western blot analysis (Fig. 4B) . The anti-Myc antibody immunoblotting displayed three bands at 58, 60, and 66 kDa, which were enhanced by 9 h of 10-7 M PGE) treatment. DISCUSSION We have found that PGE) at concentrations of 10-6_10-9 M protects rat hippocampal neurons against hypoxic insult in vitro. A continuous supply of oxygen is necessary for the normal function and morphological integrity of neurons. When hypoxia is induced, extracellular excitatory amino acids are increased and activation of excitatory amino acid receptors results in the death of cerebral cell cul tures (Choi, 1988) . Activation of excitatory amino acid receptors increases c-Fos mRNA in primary cultures of rat cerebellar granule cells (Szekely et aI., 1987) , and cerebral ischemia elevates c-Fos mRNA levels in vivo (Jorgensen et aI., 1989) , sug gesting a role for immediate early genes in the re sponse of neural tissue to hypoxic stimuli. PGE, affects cell metabolism by eliciting adenylate cy clase activity and elevating c-Myc and c-Fos genes in Swiss 3T3 cell cultures (Macphee et aI., 1984; Tsuda et aI., 1986; Yamashita et aI., 1986) . In this report, we have shown that PGE, increases the nu clear concentration of c-Fos and Myc proteins. Cultures were grown for 6 days. Values are analyzed by LDH activity in the medium as a percentage of total LDH activity (cells plus medium). A: Replated cultures were kept in nor mal conditions (n = 4); B: replated cultures were exposed to 24-h hypoxia (n = 4). Values are means ± SD. No differences between PGE1-treated and control groups were observed.
10-9 0 10-5 PGE1 concentration (M) 10-6 10-7 10-8 10-9 o growth factors, such as platelet-derived growth fac tor and fibroblast growth factor, or phorbol esters is accompanied by the sequential activation of expres sion of c-Fos and c-Myc oncogenes. Both onco genes are transcriptional regulators (Varmus, 1987) . Therefore, we suggest one possible mechanism for PGE, protection against hypoxia: PGE, protects rat hippocampal neurons through transcriptional con trol.
Previous studies with neuroblastoma cells (Nirenberg et aI., 1983) suggest that 10-5 M PGE, mediated synaptogenesis of neuroblastoma hybrid cells occurs through the activation of adenylate cy clase. This prompted us to investigate the PGE, protection against hypoxic insults. However, com parison of the phase-contrast micrographs and im munostaining with 200-kDa neurofilament antibody between normoxic and hypoxic cell cultures showed no protective effect of PGE, treatment on synaptogenesis in rat hippocampal cells. The hybrid cells derived from neuroblastoma might have a dif ferent or enhanced response to PGE, than the cell cultures produced for this study . The cytoprotective effect of PGE, was observed on neuronal cells at concentrations of 10-6 _10-9 M. The PGE 2 binding protein of cerebral cortex showed a high specificity for PGE 2 and PGE,; the lowest concentration for PGE, that showed inhibi tory potency for specific binding was 10-9 M (Yu moto et aI., 1986). The protective effect attained by 10-9 M PGE, suggests that this effect may be me diated by PGE, binding to a specific receptor pro tein. Three different intracellular messenger sys tems (protein kinase C, Ca 2+ , and cyclic AMP) may independently mediate the regulation of c-Fos and Myc proteins. Increases of cellular Ca 2+ and cyclic AMP will induce increases in c':.Fos and Myc pro teins (Tsuda et aI., 1986; Yamashita et aI., 1986) , while protein kinase C serves as a negative regula-c 1 2 c tor of the PGE)-induced expression of the c-Myc and c-Fos genes and DNA synthesis (Yamashita and Takai, 1987) . PGE) binding to the receptors was shown to be dose dependent and saturated at 10-7 M PGE) (Yumoto et al., 1986) . In this exper iment, 10-5 M PGE) treatment showed little or no induction of c-Fos and Myc proteins and did not demonstrate any protection against hypoxia. One possible explanation for this observation is that, at the higher PGE) concentration of 10-5 M, protein kinase C activity was increased and synthesis of c-Fos and Myc proteins was inhibited. LDH activities released from damaged hippo campal cells had been taken as a quantitative mea sure of cell death. Previous reports have shown that this index accurately reflects the number of neurons damaged by brief exposure to hypoxia (Goldberg et al., 1987) , excitatory amino acids (Koh and Choi, 1987; Erdo et al., 1990) , and glucose deprivation (Monyer et al., 1989) . Although phase-contrast mi croscopy and immunostaining with 200-kDa neuro filament antibody showed no protective effect of PGE1 treatment during hypoxia, the LDH enzyme release assay demonstrated a statistically signifi cant difference. More neuronal cells survived in culture with PGE) treatment (10-6 -10-9 M) than untreated control cell cultures; this was confirmed by try pan blue staining of debris and nonviable cells.
The predominant cell type in serum-free cultures of hippocampal cells obtained from I8-day-old rat fetuses was neurons, with a few glial and neuronal precursor cells. Glial cells, predominantly astro- cytes, were dominant in the replated cultures (Szekely et al., 1987; Mytilineou et al., 1992) . As trocytic cells in the replated cultures were mini mally affected by the hypoxic insult in terms of both morphologic and LDH enzyme assay changes. This difference in response to hypoxia by the two cell cultures indicates a greater sensitivity of hippocam pal neurons to hypoxia. Increased inductions of c-Fos and Myc proteins were observed in a plasma free primary culture of hippocampal cells, in which the neuronal component predominated. Although the precise molecular functions of c-Fos and Myc proteins are not clarified, clearly these oncogenes play an essential role in the regulation of cellular proliferation and gene expression (Varmus, 1987; Ingvarsson, 1990) . PGE1 could protect neuronal cells against hypoxic insult through the induction of c-Fos and Myc proteins. Astrocytes are known to protect neurons in vitro from degeneration induced by anoxia (Vibulsreth et al., 1987) , and the protec tive effects of PGE1, besides the direct effect on neurons, might be mediated by astrocytes.
In conclusion, we have shown a protective effect of PGE1 against hypoxic insults in vitro. The mech anism of this protection is largely unknown. Pro posed mechanisms, such as PGE1 receptor mediated activation of adenylate cyclase and the involvement of immediate early genes, need to be clarified.
Endogenous prostanoids are apparently protec tive against the cytotoxic effects of hypoxia on neu rons. A relationship between the arachidonic acid cascade and N-methyl-o-aspartate receptors and hippocampal neuron long-term potentiation has also been made (Dumuis et aI., 1988; Williams et aI., 1989) . These observations and their interactive re lationships provide intriguing possibilities for fur ther study.
